Abstract-The detection of latent fingerprints can be a great aid in determining the authenticity of ancient artworks. In fact, a commonly used technique for the authentication of artworks consists in the comparison of fingerprints present on the surface of an artifact with other available latent fingerprints of an artist. This kind of analysis is particularly important for the authentication of clay artifacts. The clay, in fact, is often modeled barehanded, causing a great number of fingerprints left on the surface. In many cases, the artworks are very valuable or fragile and the latent fingerprints cannot be acquired using classical forensic methods. For this reason, contactless acquisition techniques have been proposed. Most of these techniques are based on the use of a single camera. In single-view acquisition systems, however, it can be difficult to properly estimate the size of the captured area, the obtained images can suffer from problems related to perspective distortions, and a calibration task cannot be performed in all the cases. In this paper, we propose a two-view acquisition system able to capture the latent fingerprints left on a clay artwork, and to compute their threedimensional metric reconstruction. The obtained results show that the proposed approach is feasible and the reconstructed models provide a metric, view-independent, and less-distorted reconstruction of the fingerprint. In particular, we describe the application of the proposed method on a specific clay artwork associated by experts to the famous sculptor Antonio Canova (Italy, 1757-1822).
I. INTRODUCTION
Clay artworks are often used by the artists to build a preliminary sketch of the sculptures. These artifacts are very important and valuable since they show the artistic path of the authors to the creation of the final artworks.
The authentication of clay artifacts is performed in order to distinguish the original artworks from the numerous forgeries often present in the market in the case of famous sculptors. This process can be made by using different techniques, like the microscope analysis and carbon 14 dating. The authentication is usually performed by art historians in cooperation with forensic scientists. In this context, the analysis of the latent fingerprints present on the artifacts is an important recognition technique. In order to prove the authenticity of a sculpture, the fingerprints present on the artifact can be compared with other latent fingerprints attributed to a specific artist.
However, classical forensic techniques for the acquisition of latent fingerprints, involving the use of films, molds, or dusts, are often impossible to be applied to ancient artworks because of their value and fragility. Another important problem consists in the position of the latent fingerprints, which can be placed on a surface patch that is difficult to reach. For these reasons, contactless acquisition techniques and classical photographic techniques have been used. However, in the case of clay artworks, the perspective distortion present in the captured images can be very high, due to the irregular shape of the object. Moreover, the aging of the artifacts can modify the color of the material, reducing the visibility of the ridge pattern.
In order to limit the presence of perspective deformations in the captured data, multiple view acquisition systems and threedimensional reconstruction techniques can be used to compute a three-dimensional model of the artifact and the fingerprints. The reconstructed models can then be used to perform the authentication by applying algorithms based on two-dimensional or three-dimensional data. In order to compare the fingerprint models with traditional fingerprint images, different unwrapping techniques can be used to obtain the corresponding twodimensional representation of the fingerprint model [1, 2] . The ridge pattern should then be enhanced by using techniques for the latent fingerprint analysis [3] [4] [5] or systems specifically designed for contactless fingerprint data [1, 2, [6] [7] [8] .
In this paper, we propose a low-cost, contactless, twoview acquisition system able to acquire the latent fingerprints left on a clay artwork, and to perform a three-dimensional metric reconstruction of the captured area. In this way, it is possible to obtain a less-distorted reconstruction of the fingerprint with respect to traditional methods. The metric reconstruction permits to determine the size of the model in a view-independent manner. In particular, in this work we focus on the application of the proposed method on a specific clay artwork, attributed by experts to the Italian sculptor Antonio Canova (Italy, 1757-1822), which is probably a sketch of the well-known statue "Ninfa Dormiente" ("Sleeping Nymph") shown at the Victoria and Albert Museum, London.
It can be seen in Fig. 1d -g that the materials constituting the mixture of the clay can create false colors in the ridge structure, which can trick single-view systems or poorlyperformed photographic acquisitions. Moreover, the modeling process of the artifact produced partial (Fig. 1e) or distorted ( Fig. 1f) fingerprints.
II. PREVIOUS WORK
One important technique for the authentication of artworks consists in the analysis of latent fingerprints present on the artworks themselves. This analysis is performed by forensic experts and, at the best of our knowledge, there are no automatic methods able to perform a complete automatic authentication. In the literature, there are examples of the use of fingerprints for the authentication of works attributed to important artists, such as Leonardo Da Vinci (Italy, 1452-1519) [9, 10] .
In particular, the authentication of statues using latent fingerprints is a complex process because they can present irregular shapes and different levels of degradation. The work described in [11] divides the ancient fingerprints in two-dimensional and three-dimensional impressions. The first class of fingerprints is usually present on hard materials and is due to the presence of chemical substances on the epidermal ridge surfaces. The second class is more present in soft materials, like ceramics or clay, and is related to the imprint of the epidermal ridges into the material. The analysis of three-dimensional impressions using two-dimensional techniques can produce poor results. In both cases, the visibility of the ridge pattern can be reduced by different factors, like the humidity and the aging of the artwork.
Image processing techniques can be used in order to overcome the problems related to the low visibility of the ridge pattern. In the literature, there are many studies on automatic and semi-automatic methods for the enhancement and segmentation of the ridge pattern in latent fingerprint images [3] [4] [5] .
At the best of our knowledge, however, there are no methods for the three-dimensional reconstruction of latent and ancient fingerprints. Differently, fingerprint recognition systems based on three-dimensional fingertip models of cooperative users are studied. The method described in [1] uses an illumination system shaped as a ring mirror, which captures circular portions of the finger that are subsequently merged. A technique that combines a shape-from-silhouette and a stereoscopic approach is described in [12] : the method uses five cameras placed around the finger and combines the silhouettes of every image in order to approximate the volume of the finger. The images are then merged and superimposed on the volume. The method described in [13] uses a structured light illumination approach in order to compute the three-dimensional reconstruction of the finger. The method described in [2] computes a threedimensional reconstruction of the fingertip using a single twoview acquisition, with the aid of a reference pattern projected onto the finger.
In the literature, there are different three-dimensional reconstruction techniques that can be used for capturing small details of a statue [14] . Contactless techniques should be preferred for precious artworks in order not to damage them. Multiple view techniques [15] are one of the most suitable methods in this applicative context. In fact, other threedimensional reconstruction methods (e.g. techniques based on structured light, or profilometers [16] ) require more complex hardware setups, are more difficult to transport, and can be problematic to use for capturing small details of complex surfaces like statues.
III. THE PROPOSED APPROACH
A contactless and low-cost two-view acquisition system, and a three-dimensional reconstruction method are proposed in order to capture the areas of the clay artwork containing latent fingerprints, and to compute the corresponding metric threedimensional models. The resulting model is less-distorted than the single-view acquisitions, and represents a viewindependent, metric reconstruction of the considered region, which allows to determine the size of the latent fingerprint. Moreover, it can be processed using unwrapping algorithms and enhancement techniques.
The proposed method is based on image processing techniques and processes pairs of images captured using two synchronized color CCD cameras. First, a crosscorrelationbased matching technique is used in order to determine a series of matching points in the two images. The points are then triangulated and the three-dimensional model is completed with the wrapping of the interpolated texture computed from the original pair of images.
The proposed method can be divided in the following steps: 1) calibration of the cameras and acquisition of the images; 2) image preprocessing and extraction of the reference points; 3) point matching and triangulation; 4) surface estimation and texture mapping.
A. Calibration of the cameras and acquisition of the images
The calibration of the cameras is computed off-line, by acquiring multiple views of a chessboard, which are processed using a corner detector algorithm. The intrinsic and extrinsic parameters of the cameras are then computed using the calibration algorithms described in [17, 18] . The homography matrix is computed using a DLT algorithm described in [15] . A RANSAC algorithm is used to compute the fundamental matrix [19] .
The two images are then captured using two synchronized color CCD cameras (Fig. 2) .
B. Image preprocessing and extraction of the reference points
In order to enhance the details of the captured images, an adaptive histogram equalization technique [20] is applied.
Considering the images I A and I B (related to the cameras A and B, respectively), the three-dimensional reconstruction process requires the search of the points of I B that correspond to a set of points of I A . A set of reference points is then selected from the image I A by downsampling the image with a step of s d pixels
C. Point matching and triangulation
In the literature, there are approaches specifically designed for the purpose of matching the corresponding pairs of points in a two-view acquisition system, which consider the differences in the orientations of the cameras and illumination conditions [21, 22] . Our setup, however, is specifically designed in order to have limited differences in the orientations of the cameras, and the same illumination conditions in the two captured images. For this reason, it is not necessary to apply particularly complex constraints during the matching step. In the literature, there are also approaches designed in order to match the minutiae in contactless fingerprint acquisitions [23] . These approaches, however, cannot be applied in the proposed case study because the considered material presents many irregularities. The proposed matching algorithm is based on the methods described in [2, 24] and uses a cross-correlation technique.
As a first step, a preliminary match is computed. For each point x A appertaining to I A , the search for the matching point in the second image is performed by using the homography matrix:
where H represents the 3 × 3 homography matrix, X A is the point x A converted in homogeneous coordinates, and X ′ B is the preliminary matching point, expressed in homogeneous coordinates:
A Cartesian representation of the point X ′ B is then computed as:
A series of possible matching points adjacent to x ′ B are extracted in a rectangular region centered in x ′ B . The possible matching points are considered if:
where x i B is the i-th adjacent point, d x and d y represent the distances in the x and y directions, and ∆ x and ∆ y are the dimensions of the rectangular area.
The distance from the corresponding epipolar line is computed for each of the possible matching points x i B :
where d i ep is the epipolar distance, X i B is the i-th adjacent point expressed in homogeneous coordinates, F is the fundamental matrix, and l 1 , l 2 are the first two components of the epipolar line l, which is computed using the equation:
(a) The possible matching points must have an epipolar distance inferior to a threshold t ep :
The Canny edge detector is applied to the two images I A and I B and used as a check for the consistency of the possible matching points. Only the candidate matching points with corresponding values in the binary edge images are considered:
where C A , C B are the images resulting from the application of Canny edge detector to I A and I B . The set of possible matching points x i B are inserted in the list V B of the valid points to be checked using the normalized cross-correlation:
The matching point is then computed by performing the cross-correlation of two l × l windows, one centered in x A , and the others centered in every valid point of V B . The crosscorrelation of the two windows is performed on the Y, R, G, B channels separately, and is computed as:
where A and B are the two windows of size l × l. The final matching point x B is chosen as the one which produces the highest cross-correlation coefficient. The pairs of matched points are then rectified using the calibration data. Then, the z coordinates of each pair of points are computed using a triangulation equation:
where f is the focal length of the two cameras, T is the translation vector describing the baseline distance between the two cameras, x A and x B are the two matched points, and d is the function that represents the Euclidean distance. Since the points are obtained using a downsample method with a constant step s d , and the surface is sufficiently smooth, the three-dimensional point cloud of the reconstructed model should than present a regular distribution of the points. A check for outliers is then performed by removing the threedimensional points which are not close to any other point of the point cloud. The distance from each point and the points appertaining to its 4-neighborhood must be inferior to a threshold t d : (12) where (x i , y i , z i ) is the i-th three-dimensional point, (x i+j , y i+j , z i+j ) are the points appertaining to its 4-neighborhood, and d represents the Euclidean distance.
The threshold t d is computed as the double of the minimum distance between adjacent three-dimensional points: (13) where N is the number of three-dimensional points.
D. Surface estimation and texture mapping
The reconstructed model is merged in a single point cloud (X, Y, Z) and the intensity values of the original image I A are stored in the vector C. From the vectors X, Y , the maps S x and S y are computed as a mesh with a constant step s interp . The surface map S z and the intensity map S c are then obtained applying a bilinear interpolation on the vectors Z and C at the coordinates described by the meshed maps S x and S y . Examples of reconstructed point clouds with the relative estimated surfaces and wrapped textures are shown in Fig. 3 .
IV. EXPERIMENTAL RESULTS
We used two Sony XCD-SX90CR CCD color cameras synchronized using a trigger mechanism for capturing the images of the artwork. The angle of the cameras with respect of the horizontal support is α = 85
• , and the baseline distance between the cameras is ∆ D = 45 mm (considering the centers of the CCDs). The distance from the cameras to the surface of the statue is about ∆ H = 205 mm, chosen according to the focal planes of the two cameras. The intersection of the focal planes of the two cameras was guaranteed by mounting on the cameras two lasers that projected two vertical lines during the mounting step of the setup. The intersection of the vertical lines was set in order to correspond to the region of the acquisition volume with the best optical focus. Fig. 4 shows the schema of the used acquisition setup.
We used 15 pairs of chessboard acquisitions to calibrate the cameras. The chessboard is composed by 12 × 9 squares of 2.8 × 2.8 mm. We used these images also to estimate a calibration error, computed by reconstructing the point clouds of the chessboard and interpolating a plane through the threedimensional points. The error measure is defined as the standard deviation of the distances of the reconstructed points from the interpolating plane [25] , and is equal to 0.04 mm. In order to measure the accuracy of the proposed method, we captured also a semi-sphere of 20 mm radius and reconstructed the corresponding three-dimensional models. Then, we computed the difference between the radius of the sphere fitted using the three-dimensional reconstructed points and the actual radius. The resulting reconstruction error is equal to 0.5 mm.
We captured a total of 275 pairs of images with different points of view and illumination conditions. We used a led illumination only for enhancing the visibility of the particular area of the surface. Otherwise, no specific illumination system was designed. These images represent all the ancient fingerprints present on the surface of the clay artwork.
The majority of the captured images describe impressions that cannot be used to perform an identification since they represent very small regions of the finger or are affected by problems related to deformations and aging of the surface of the statue. In some acquisitions, the reconstructed samples can be probably sufficient to try an authentication procedure with different clay artworks of the same author, even if the matching can be done only on fragments and not by using complete fingerprints.
We applied the proposed method on the captured twoview images and reconstructed the corresponding metric threedimensional models. Fig. 5 , shows some examples of the reconstructed models of the regions containing latent fingerprints. It is possible to observe that three-dimensional models of a fingerprint area permit to obtain a view-independent, metric reconstruction of the fingerprint, and to compensate to the problems related to distortions and different camera orientations.
The fingerprint can then be analyzed using a more suitable point of view. Fig. 6 shows an example of captured pairs of images and the corresponding three-dimensional models. It is possible to observe how the three-dimensional models help in creating less-distorted acquisitions of the fingerprints. In order to compute the same viewpoint, the models were registered using an Iterative Closest Point algorithm [26] , which computes the rotation and translation of a model, with respect to another point cloud. The computed transformations were applied on one of the reconstructed point clouds, using the equation:
where P i = (x i , y i , z i ), R is the 3 × 3 rotation matrix, and T is the 3 × 1 translation vector. It is possible to observe that the three-dimensional models obtained by the proposed method are effectively less distorted and independent by the point of view of the acquisition. Another example of registered three-dimensional models obtained using the proposed method is shown in Fig. 7 . Despite Fig. 7 depicts three-dimensional models representing only a partial fingerprint, Fig. 7e and Fig. 7f are a clear example of the capability of the proposed method to obtain aligned, view-independent portions of clay atifacts.
Metric fingerprint samples independent by the point of view can also be obtained by using other acquisition techniques based on single images. These techniques, however, require complex hardware setups and are difficult to apply in the evaluated context.
The three-dimensional models obtained by the proposed method can then be used in order to perform biometric recognitions. For example, it is possible to apply matching techniques based on traditional two-dimensional images or directly on three-dimensional data [1] . Matching techniques based on two-dimensional templates can guarantee the compatibility of the fingerprint models with fingerprint images captured using touch-based sensors or traditional forensic techniques. However, they require the estimation of an equivalent twodimensional representation of the fingerprint from the threedimensional model. The computation of this fingerprint representation should be performed by considering the shape of the surface in which the latent fingerprint is present. Considering flat surfaces with two-dimensional impressions, in fact, it can be sufficient to extract the texture of the three-dimensional model. More complex surfaces require the use of unwrapping techniques. The technique presented in [2] , for example, is designed for cylindrical shaped objects.
V. CONCLUSIONS
In this paper, we proposed a contactless and low-cost twoview acquisition method, and a three-dimensional reconstruction technique able to capture a pair of images of a latent fingerprint left on a clay artwork and to estimate a threedimensional metric model of the captured area. The proposed method permits to obtain a less-distorted representation of the fingerprint, with respect to single-view acquisitions achieved by classical photographic techniques. The computed models have the advantages of allowing a view-independent and metric reconstruction, which is difficult to obtain using singleview acquisition setups.
The method is based on the extraction of a series of reference points from an image. The corresponding points in the second image are then matched using an algorithm based on the normalized cross-correlation. The three-dimensional coordinates of the matched pairs of points are then computed and an outlier removal algorithm is applied. The resulting model is completed by applying a surface interpolation technique and performing a texture mapping procedure.
The accuracy of the proposed method was evaluated using objects with known shapes. Then, the quality of the threedimensional models computed using the proposed method was inspected by a visual analysis and then compared with the images captured using a single-view system. The obtained results showed that the proposed approach is able to compute a less-distorted, metric and view-independent representation of the latent fingerprints left on the artwork, using a contactless low-cost acquisition setup.
